Background: Msh2-Msh6 and Msh2-Msh3 bind to and initiate the repair of mismatched DNA. Results: Purified Msh2-Msh3 binds specific base:base mispairs and small to large insertion/deletions and recruits a downstream mismatch repair component, Mlh1-Pms1. Conclusion: Msh2-Msh3 functions in the repair of specific base:base and insertion/deletion mispairs. Significance: Our results show that mispair specificity of Mlh1-Pms1 recruitment by Msh2-Msh3 explains the specificity of Msh2-Msh3 in mismatch repair.
the result of errors during replication (1) (2) (3) (4) (5) (6) (7) . Because MMR increases the fidelity of DNA replication, defects in MMR result in increased mutation rates, and consequently, defects in MMR in mammals underlie the development of both inherited and sporadic cancers (8 -13) . MMR also acts on mispairs that occur in recombination intermediates and as a result of chemical damage to DNA (3, 4) . In addition, MMR can prevent recombination between divergent DNAs and aid in the resolution of some types of recombination intermediates (14 -20) .
The early steps of MMR are highly conserved. In bacteria, the MutS homodimer recognizes mispaired bases in DNA and upon mispair binding recruits a critical accessory factor, the MutL homodimer (21) (22) (23) . In eukaryotes, mispaired bases are recognized by two heterodimers of MutS homolog proteins, Msh2-Msh6 and Msh2-Msh3, that have partially overlapping mispair recognition specificities (3, 24 -28) . Msh2-Msh6 is thought to be responsible for the repair of base:base and small insertion/deletion mispairs, whereas Msh2-Msh3 is thought to be responsible for the repair of both small and large insertion/ deletion mispairs as well as a limited spectrum of base:base mispairs (1, 3, 25, 26, 29) . However, there are conflicting data on whether Msh2-Msh3 plays a role in repairing ϩ1 insertion/ deletion mispairs (24 -26, 30 -33) . In addition, the specificity of Msh2-Msh6 and Msh2-Msh3-dependent MMR in vitro does not appear to correlate well with the mispair specificity of MMR in vivo or with mispair binding specificity in the case of Msh2-Msh6, where sufficient data exist for comparative purposes (32, 34) . The Msh2-Msh3 complex also binds branched DNAs, which may reflect the role of Msh2-Msh3 in the resolution of some types of recombination intermediates (35, 36) . On binding mispairs, the Msh2-Msh6 complex recruits a heterodimer of MutL homolog proteins, the Mlh1-Pms1 complex (Mlh1-Pms2 in mammals) (37) (38) (39) (40) (41) . The Msh2-Msh3 complex also appears to recruit the Mlh1-Pms1 complex to mispairs (42) , although this has not been characterized as extensively as the interaction between Msh2-Msh6 and Mlh1-Pms1. Eukaryotes also contain two other MutL-related complexes, Mlh1-Mlh2 (Mlh1-Pms1 in mammals) and Mlh1-Mlh3 (43, 44) . Mlh1-Mlh3 plays a role in meiosis and is thought to function in a fraction of Msh2-Msh3-dependent MMR (29, 44 -48) . The function of Mlh1-Mlh2 is less clear (43, 46, 49) , although recent studies have shown that Mlh1-Mlh2 is recruited to foci in vivo by Msh2-Msh6 in response to mispaired bases in DNA, suggesting a role as an accessory factor in MMR. 3 The binding of the mispair recognition proteins to DNA has been extensively characterized by biochemical, structural, and genetics-linked structure-function approaches, particularly in the case of MutS and Msh2-Msh6. X-ray crystallography of mispair-bound bacterial MutS demonstrated that MutS forms a ring around the DNA and that mispair binding involves bending of the DNA, flipping of the mispaired base out of the DNA helix, and stabilization of this base by -stacking interactions with a Phe in the mispair-binding domain as well as contacts between other amino acid residues and the DNA backbone (50, 51) . The structure of human Msh2-Msh6 is very similar, and the DNA bending at the mispair and stabilization of an extrahelical base by a stacking Phe is conserved (52, 53) . In the absence of a mispair, MutS and Msh2-Msh6 bind more weakly and directly dissociate from DNA when ATP binds the ATPase domains (21, 38) . In contrast, ATP causes mispair-bound MutS and Msh2-Msh6 to adopt a conformation called a sliding clamp, which is trapped on the DNA and slides along the DNA until it dissociates from the ends (38, 54) . As a consequence of this property, these sliding clamps can be trapped on the DNA by end blocks (38, 54) . A sliding clamp conformation for Msh2-Msh3 has been inferred from the ATP sensitivity and the ATP hydrolysis properties of mispair-bound Msh2-Msh3 but has not been directly demonstrated using end blocked DNA substrates (55) . Interestingly, deuterium exchange mass spectrometry has demonstrated that MutS and Saccharomyces cerevisiae Msh2-Msh6 likely form a ring on DNA lacking a mispair, with the stacking Phe contacting the DNA; the presence of a mispair stabilizes this ring through yet other contacts between MutS or Msh6 and the DNA backbone (56) . More recently, molecular modeling, genetics-based structurefunction studies, and x-ray crystallography have demonstrated that although the overall structure of the mispair-bound Msh2-Msh3 is similar to Msh2-Msh6, the interactions with the mispair are different and involve bending and strand separation of the DNA by the core mispair-contacting residues and stabilization by additional contacts with the Msh3 mispair binding domain (57, 58) . This importance of these additional contacts to stabilize the bound and bent DNA appears to be reduced on larger insertion/deletions (57) .
MutS and Msh2-Msh6 have been extensively characterized with regard to their interactions with DNA, nucleotides, and with MutL and Mlh1-Pms1, respectively. In contrast, analysis of the Msh2-Msh3 complex has lagged behind that of MutS and Msh2-Msh6. One reason for this is the expectation that the properties of Msh2-Msh3 would resemble those of MutS and Msh2-Msh6. Furthermore, in S. cerevisiae, where it is possible to perform detailed functional studies in vivo to correlate with in vitro biochemical studies, the availability of purified Msh2-Msh3 has been limited. Previous studies have utilized an S. cerevisiae-based Msh2-Msh3 expression system in which translation of Msh3 was driven from a start codon upstream of the correct start codon (36, 59) , yielding Msh2-Msh3 preparations that appeared to contain multiple Msh3 species (59) or were of undocumented purity (36) or utilized a S. cerevisiaebased Msh2-Msh3 expression system in which translation of Msh3 was driven from the correct start codon but which yielded very low amounts of Msh2-Msh3 (29) . To overcome these problems, in the present study, we have optimized the expression and purification of S. cerevisiae Msh2-Msh3 to obtain the amounts of purified Msh2-Msh3 required for biochemical studies. Using this protein, we have extensively characterized Msh2-Msh3 for mispair binding, sliding clamp formation, and Mlh1-Pms1 recruitment and performed structure-function studies of mispair binding and dissociation. From this, we show that Msh2-Msh3 forms an ATP-dependent sliding clamp that has a much more rapid dissociation rate from DNA than the Msh2-Msh6 sliding clamp. We also show that the mispair specificity of MMR in vivo determined by genetics studies correlates best with the mispair specificity of Msh2-Msh3 sliding clamp formation and recruitment of Mlh1-Pms1.
EXPERIMENTAL PROCEDURES
Media, Strains, and Plasmids-S. cerevisiae strains were grown in standard media, either 10 g of yeast extract, 20 g of peptone, and 20 g of dextrose per liter (YPD) or complete supplement mixture (U. S. Biological, Salem, MA) containing 2% glucose and lacking specific amino acids to select for plasmid markers and 2.4% agar if required. Escherichia coli strains were grown in either Luria-Bertani broth (10 g of Tryptone, 5 g of yeast extract, 5 g of sodium chloride, and 50 mg of thymine per liter) or Terrific Broth (12 g of peptone, 2.31 g of monopotassium phosphate, 12.54 g of dipotassium phosphate, 24 g of yeast extract, and 4 ml of glycerol per liter) with antibiotics to select for plasmid markers and 1.5% agar if required. Plasmids were typically maintained and propagated in the E. coli strain TOP 10FЈ (Invitrogen). Overproduction of proteins in S. cerevisiae was performed using the strains RDKY1293 (MAT␣ ura3-52 trp1 leu2⌬1 his3⌬200 pep4::HIS3 prb1⌬1.6R GAL can1) and RDKY2418 (RDKY1293 msh2::hisG msh6::hisG). Overproduction of the Msh2-Msh6 complex in E. coli was performed using the strain BL21 CodonPlus (DE3) RIL (Stratagene, La Jolla, CA), and overproduction of LacI was performed using E. coli BLIM (ompT hsdS Ba [r Ba Ϫ , m Ba gal dcm lac]) containing the plasmid pLS1 Amp r LacI (a gift from Dr. Kathleen Matthews) (60 -62) . The plasmid used for overexpression of the Msh2-Msh6 complex was pET11a-MSH2-MSH6 (63) . The plasmids used for overexpression of the wild-type Msh2-Msh3 complex were pRDK354 (2 URA3 P GAL1-10 -MSH2) and pRDK1596 (2 LEU2 P GAL1-10 -MSH3-FLAG) (29) . The plasmids used for overexpression of the Msh2-Msh3 mutant complexes were pRDK354 with pRDK1769 and pRDK1768 for MSH3-K158E-FLAG and MSH3-R195D-FLAG, respectively, which were constructed from the plasmid pRDK1596 using the GeneArt sitedirected mutagenesis system (Invitrogen) to introduce the nucleotide changes A472G and AGG583_585GAT, respectively. The plasmids used for overexpression of the Mlh1-Pms1 complex were pRDK573 (2 P GAL1-10 -MLH1 TRP1) and pRDK1099 (2 P GAL1-10 -PMS1-FLAG LEU2) (64, 65) . All plasmids were periodically verified by DNA sequencing to ensure the absence of unwanted mutations.
Proteins
Purification of Msh2-Msh3-The protease-defective S. cerevisiae strains RDKY2418 or RDKY1293 were transformed with the plasmids pRDK354 and pRDK1596 for purification of the wildtype Msh2-Msh3 complex, pRDK354 and pRDK1769 for purification of the Msh2-Msh3-K158E complex, or pRDK354 and pRDK1768 for purification of the Msh2-Msh3-R195D complex. Liquid starter cultures were grown overnight at 30°C in SCGL medium lacking specific amino acids and containing 0.1% glucose (w/v), 3% glycerol (v/v), and 2% lactic acid (v/v; 24.7 ml of 80% lactic acid per liter) (pH adjusted to 5-6 using concentrated NaOH) (66) . The starter culture was then used to inoculate 1 or 1.5 liters of the same medium, and the culture was grown at 30°C until it reached an A 600 ϭ 1. Protein overexpression was induced by addition of an equal volume of YPGL medium consisting of 10 g of yeast extract and 20 g of peptone per liter, 0.2% (w/v) glucose, 3% (v/v) glycerol, and 2% (v/v) lactic acid (pH adjusted to 5-6 using concentrated NaOH) followed by the addition of galactose to a final concentration of 2% (w/v) (66). 6 -18 h after induction, the cells were harvested by centrifugation, and the pellets were either snap-frozen at Ϫ80°C and later thawed or directly used for protein purification as follows. The cells were resuspended in Buffer A (50 mM Tris-Cl, pH 8, 1 mM EDTA, pH 8, 10% glycerol (v/v), protease inhibitor mixture PIC-D (to obtain final concentrations of 1 mM PMSF, 1 g/liter chymostatin, and 1 g/liter pepstatin A), and protease inhibitor mixture PIC-W (to obtain final concentrations of 1 mM benzamidine, 0.5 g/liter bestatin, 1 g/liter aprotinin, and 1 g/liter leupeptin)) containing 1 mM DTT and 500 mM NaCl and lysed by 7 passes through a microfluidizer (Microfluidics, Westwood, MA). The lysate was clarified by centrifugation at 16,000 rpm in a Sorvall SA600 Rotor at 4°C for 1 h. The supernatant was diluted with an equal volume of Buffer A containing 1 mM DTT and no NaCl and loaded onto two 5-ml HiTrap heparin HP columns (GE Healthcare) connected in series that were equilibrated with Buffer A containing 200 mM NaCl and 2 mM ␤-mercaptoethanol using an AKTA FPLC system (GE Healthcare). The columns were washed with 50 ml of Buffer A containing 2 mM ␤-mercaptoethanol and 200 mM NaCl and eluted in a 50-ml gradient of 200 mM to 1 M NaCl in Buffer A containing 2 mM ␤-mercaptoethanol. The peak fractions containing Msh2-Msh3 were pooled and diluted in an equal volume of Buffer A (no salt) containing 2 mM ␤-mercaptoethanol instead of DTT to reduce the salt concentration to ϳ200 mM NaCl. The sample was loaded onto a 4-ml Anti-FLAG M2 affinity gel (Sigma) column, which was washed with 21 ml of Buffer A containing 2 mM ␤-mercaptoethanol and 200 mM NaCl. The bound proteins were eluted using 15 ml of 200 g/ml FLAG peptide in the same buffer. The peak fractions were pooled and diluted in an equal volume of Buffer A containing 1 mM DTT and no NaCl, to lower the salt concentration to 100 mM. The sample was loaded on a 1-ml HiTrap Q-Sepharose FF column (GE Healthcare), which was washed with 5 ml of Buffer A containing 1 mM DTT and 100 mM NaCl. The bound proteins were eluted using a 10-ml gradient of 100 mM to 1 M NaCl in Buffer A containing 1 mM DTT. The fractions containing Msh2-Msh3 or the mutant Msh2-Msh3 complexes were pooled and stored in small aliquots at Ϫ80°C. All purification steps were performed at 4°C.
Purification of Mlh1-Pms1-S. cerevisiae Mlh1-Pms1 was overproduced in the S. cerevisiae strain RDKY1293 using the plasmids pRDK573 and pRDK1099 and purified to Ͼ98% purity as previously described (64, 65) .
Purification of LacI-LacI was purified exactly as previously described (60 -62) with the following three modifications: 1) the DNase step was omitted, 2) the viscosity of the cell lysate was reduced by sonication prior to the first chromatography step, and 3) the phosphocellulose column was run using an AKTA FPLC system.
Msh2-Msh6 and Msh2-Msh6(3-MBD)-Msh2-Msh6 and Msh2-Msh6(3-MBD) were from previously published studies from our laboratory and were purified to Ͼ98% purity (64, 67) .
Surface Plasmon Resonance Analysis
Protein-DNA and protein-protein-DNA interactions were monitored using a Biacore T100 instrument (GE Healthcare) using the buffers and protein flow schedules exactly as described previously (38, 64) . The DNA substrates used were 236 bp in length with biotin conjugated at one end, the lacO sequence at the other end, and a centrally located base-base or insertion/deletion mispair or a GC base pair in the homoduplex control that were constructed as previously described (38, 40, 64, 67, 68) . Approximately 20 ng (100 Ϯ 5 resonance units (RUs)) of different DNA substrates were conjugated to 3 flow cells of streptavidin-coated Biacore SA chips (GE Healthcare), and the 4th flow cell was used as an unmodified reference surface in each experiment. The experiments investigating DNA binding and sliding clamp formation were performed using 50 nM Msh2-Msh6, Msh2-Msh3, or Msh2-Msh6(3-MBD) unless otherwise indicated in specific experiments. The experiments investigating recruitment of Mlh1-Pms1 were performed using 20 nM Msh2-Msh6 or Msh2-Msh3 and 40 nM Mlh1-Pms1. In experiments with end blocked DNA substrates, the DNA ends were blocked by including 30 nM LacI in the reactions, and the bound LacI was subsequently released by challenge with 1 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG) when indicated. ATP or ADP was included in the reaction mixtures at a final concentration of 250 M as indicated. All experiments were performed at 25°C at a flow rate of 20 l/min, and data were collected at a frequency of 10 Hz. The data were analyzed using the BiaEvaluation v3.1 (GE Healthcare) and Prism 6 (GraphPad Software, Inc., La Jolla, CA) software.
RESULTS

Purification of the S. cerevisiae Msh2-Msh3 Complex-To
improve the purification of Msh2-Msh3, we expressed Msh2-Msh3 in protease-defective S. cerevisiae strains containing two plasmids encoding GAL-promoter driven MSH2 and MSH3 in which MSH3 contains a C-terminal FLAG tag that had no effect on MSH3 function (29, 69) . We optimized protein expression using a glycerol-lactate media to galactose media growth protocol for inducing Msh2-Msh3 expression and performed rapid purifica-tion by sequential chromatography on HiTrap heparin, anti-FLAG antibody and HiTrap Q-Sepharose columns. We were able to obtain 1-1.5 mg of Msh2-Msh3 complex per liter of S. cerevisiae culture that was Ͼ99% pure and had a 1:1 ratio of Msh2 to Msh3 subunits ( Fig. 1 ). As part of these studies, we also expressed Msh2-Msh3 and codon-optimized Msh2-Msh3 in E. coli using T7 promoter expression vectors, but we were unsuccessful in purifying Msh2-Msh3 from these E. coli expression strains.
Msh2-Msh3 Preferentially Binds to Insertion/Deletions and Specific Base-Base Mispairs-To determine the specificity of Msh2-Msh3 for binding different mispaired bases, we systematically monitored the binding of Msh2-Msh3 to various insertion/deletion mispairs and base-base mispairs using Surface Plasmon Resonance (SPR) and compared the binding observed to the binding of Msh2-Msh6 performed in parallel (Figs. 2 and 3). Each of the DNA substrates, including the fully base-paired control DNA (referred to as GC), was 236 bp long with a biotin at one end and a lacO site at the other end and, with the exception of the centrally located mispair, had the same sequence (38, 67, 68) . Mispair binding was evaluated under three different conditions: 1) in the absence of added nucleotide, where the MutS family proteins bind mispaired bases in DNA and then directly dissociate from the DNA, 2) in the presence of ADP, where the MutS-family proteins bind mispaired bases but do not form sliding clamps and directly dissociate from the DNA, 3) in the presence of ATP, where the MutS family proteins do not bind mispaired bases in DNA until their bound ATP is hydrolyzed to ADP and then dissociate from DNA by forming a sliding clamp and sliding off the end of DNA when they exchange the bound ADP for ATP (38, 54, 55, 70, 71) . Under these different conditions, the level of binding to mispaired DNA relative to base paired DNA reflects the mispair binding specificity of the protein.
In the absence of added nucleotide, Msh2-Msh3 showed increased binding to substrates containing ϩ1, ϩ2, ϩ3, and ϩ4 insertion/deletion mispairs as well as to the CC and AA base: base mispairs relative to binding to the base paired control, whereas only very minor binding to the TG, GG, TC, GA, TT, and CA mispairs was observed. The relative level of mispair binding observed for Msh2-Msh3 was ϩ4, ϩ2, ϩ3, ϩ1 Ͼ Ͼ AA Ͼ CC Ͼ Ͼ GG, TC Ͼ CA, TT, TG, GA ( Table 1 ). The observation of Msh2-Msh3 binding to AA and CC mispairs is consistent with the results of a previous genetic study indicating that Msh2-Msh3-dependent MMR can repair some base:base mispairs (29) . In contrast, Msh2-Msh6 bound to substrates containing ϩ1 and ϩ2, to a lesser extent to the ϩ3 and ϩ4 insertion/deletion mispairs, and all eight of the base:base mispairs tested. The relative level of mispair binding observed for Msh2-Msh6 was GG, TC, TG Ͼ CA, ϩ1, TT, AA, GA Ͼ ϩ2, CC Ͼ Ͼ ϩ3 Ͼ ϩ4 ( Table 1 ). The addition of ADP to the binding reactions had relatively small effects on the relative mispair binding specificity of Msh2-Msh3 (relative binding ϩ1 Ͼ ϩ2, ϩ4, ϩ3 Ͼ Ͼ CC, AA Ͼ Ͼ CA, TC, TT, GG Ͼ TG, GA) or Msh2-Msh6 (relative binding TC, TG, GG, CA Ͼ ϩ1, TT, AA Ͼ GA, ϩ2 Ͼ CC Ͼ ϩ3 Ͼ ϩ4), with the exception that the overall level of binding of Msh2-Msh3 to both base paired and mispaired DNA was somewhat higher in the presence of ADP than in the absence of nucleotide. Strikingly, the addition of ATP to the binding reactions eliminated the preferential binding of Msh2-Msh3 to mispaired versus base-paired DNA. In contrast, the addition of ATP to the Msh2-Msh6 binding reactions had complex effects resulting in modestly reduced binding to the ϩ1 insertion/deletion, almost complete elimination of binding to the ϩ2, ϩ3, and ϩ4 insertion/deletions, enhancement of binding to the TG and CA mispairs, modestly reduced binding to the AA and CC mispairs, and little if any effect on binding to the other four mispairs (relative binding TG Ͼ Ͼ CA, GG Ͼ TC, TT Ͼ GA Ͼ ϩ1 Ͼ Ͼ AA Ͼ ϩ3, CC, ϩ4, ϩ2). Overall, the observations that Msh2-Msh3 and Msh2-Msh6 bind relatively equally to the ϩ1 insertion/deletion mispair, that Msh2-Msh3 binds to the ϩ2, ϩ3, and ϩ4 insertion/deletions to an increasingly greater extent than Msh2-Msh6 as the size of the insertion/deletion increases, and that Msh2-Msh6 binds to the different base:base mispairs to a greater extent than Msh2-Msh3 generally parallel the results of genetic studies on the mispair specificity of Msh2-Msh3-and Msh2-Msh6-mediated MMR with the exception that the binding of Msh2-Msh6 to ϩ2, ϩ3, and ϩ4 insertion/deletion mispairs is greater than predicted from genetic studies (25, 26, 29, 30, 33, 72, 73) .
Msh2-Msh3 Forms ATP-dependent Sliding Clamps on Substrates That Contain Insertion/deletion Mispairs and Specific
Base-Base Mispairs-Previous studies have shown that in the presence of ATP, the mispair-bound but not base pair-bound Msh2-Msh6 complex forms a clamp that slides away from the mispair and dissociates from the ends of the mispaired basecontaining DNA (38, 54, 70, 74, 75) . Because much less is known about the formation and properties of Msh2-Msh3 sliding clamps, we tested whether the Msh2-Msh3 complex forms a sliding clamp on different mispair-containing DNA substrates ( Figs. 4 and 5) . These experiments used a previously described reversible lacO-LacI-based end blocking system in which LacI bound to the free end of the substrate DNA traps the sliding clamp on the DNA, and addition of IPTG to release the LacI end block results in diagnostic rapid dissociation of the trapped sliding clamp (38) . The binding of Msh2-Msh3 to the GC DNA was not enhanced by the end block in the presence of ATP. In contrast, the binding of Msh2-Msh3 to the ϩ1, ϩ2, ϩ3, and ϩ4 insertion/deletions and the AA, CC and to a much lesser extent to the TG mispair-containing substrates but not the other five base:base mispairs was significantly higher in the presence of the end block and ATP. Removal of the end block by the addition of IPTG caused the rapid dissociation of the Msh2-Msh3 complex. These results indicate that the Msh2-Msh3 complex efficiently forms an ATP-dependent sliding clamp on its preferred mispaired substrates.
Consistent with previous results (38) , the end block increased the binding of Msh2-Msh6 to the ϩ1 insertion/deletion and TG mispair-containing substrates relative to the nonend blocked substrates in the presence of ATP, and the addition of IPTG resulted in rapid dissociation of Msh2-Msh6 from these two substrates consistent with the formation of ATP-dependent sliding clamps. We also found that the end block increased Msh2-Msh6 binding to the ϩ2 insertion/deletion and the AA, GG, TC, TT, GA, and CA mispair-containing substrates relative to the non-end blocked substrates in the presence of ATP and that the addition of IPTG resulted in rapid dissociation of Msh2-Msh6, consistent with the formation of ATP-dependent sliding clamps. Strikingly, the end block did not increase Msh2-Msh6 binding to the ϩ3 and ϩ4 insertion/ deletions in the presence of ATP and the addition of IPTG did not result in dissociation of Msh2-Msh6, consistent with the lack of formation of ATP-dependent sliding clamps on these two substrates. The end block also resulted in very little increased binding of Msh2-Msh6 to the CC mispair in the presence of ATP, although the addition of IPTG did result in dissociation of Msh2-Msh6 consistent with a much lower level of sliding clamp formation than seen on the other base:base mispairs.
The observation that Msh2-Msh3 did not show any mispairspecific binding in the presence of ATP on DNA substrates lacking an end block was in striking contrast to the behavior of Msh2-Msh6. This suggests that Msh2-Msh3 may have different kinetics of mispair association and/or dissociation in the presence of ATP compared with Msh2-Msh6. To investigate this, we determined the half times of association and IPTG-induced dissociation for Msh2-Msh3 and Msh2-Msh6 in the presence of ATP for the ϩ1 insertion/deletion substrate, because Msh2-Msh3 and Msh2-Msh6 show relatively equal binding to this substrate. Under these conditions, Msh2-Msh3 and Msh2-Msh6 had similar half times of association (12.0 Ϯ 1.2 s versus 15.7 Ϯ 3.0 s, respectively), whereas Msh2-Msh3 had a more rapid half time of dissociation compared with that of Msh2-Msh6 (0.67 Ϯ 0.08 s versus 2.61 Ϯ 0.42 s, respectively) consistent with the lack of a steady state level of mispair binding in the presence of ATP on DNA substrates lacking an end block observed for Msh2-Msh3. This rapid dissociation seen with Msh2-Msh3 could reflect altered mispair and/or ATP binding compared with Msh2-Msh6. To gain insight into this, we compared Msh2-Msh3, Msh2-Msh6, and a chimeric derivative of Msh2-Msh6 containing the Msh3 mispair binding domain (called Msh2-Msh6(3-MBD)) that confers Msh3 mispair binding specificity onto Msh2-Msh6 (67) for their ability to bind to the ϩ1 insertion/deletion substrate lacking an end block in the presence of ATP (Fig. 6 ). High steady state mispair binding was observed with Msh2-Msh6 and Msh2-Msh6(3-MBD) but not with Msh2-Msh3, supporting the idea that the rapid ATP-induced dissociation of Msh2-Msh3 from mispairs is a property of the Msh3 ATP binding domain or regions that communicate with the mispair binding domain but not the mispair binding domain itself and that the observed rapid dissociation may reflect the ATP binding properties of Msh2-Msh3. The slower 
TABLE 1 Binding of Msh2-Msh6 and Msh2-Msh3 to different mispairs determined by SPR
The binding of Msh2-Msh6 or Msh2-Msh3 to the indicated mispairs was determined by SPR as described under "Experimental Procedures" in the absence of nucleotide (ϪNT), the presence of ADP (ϩADP), or the presence of ATP (ϩATP) as indicated. The values reported are the RUs bound to the mispair at 100 s after the start of the protein injection minus the RU value obtained for the base pair (GC) control run in each experiment. The average value from up to five independent experiments is reported. The S.E. was typically in the range of 3-10% except for ϩ2 (Msh2-Msh6 -NT, ϩADP), CC (Msh2-Msh6 ϩADP, ϩATP), GG (Msh2-Msh3 ϩADP), and TC (Msh2-Msh3 ϩADP), where the S.E. was in the range of 12-20%. NS, not significantly above the binding to the GC control DNA.
Mispair
Msh2-Msh6
Msh2- Msh3  ؊NT  ؉ADP  ؉ATP  ؊NT  ؉ADP  ؉ATP   ϩ1  137  123  98  130  150  NS  ϩ2  97  91  NS  142  130  NS  ϩ3  67  51  25  133  123  NS  ϩ4  29  33  NS  144  129  NS  CC  91  67  24  57  80  NS  TG  153  141  258  NS  NS  NS  GG  163  139  165  26  22  NS  TC  163  141  130  22  24  NS  AA  135  106  50  83  76  NS  GA  124  95  108  NS  NS  NS  TT  136  119  129  NS  24  NS  CA  139  137  173  NS  29  NS end-dependent dissociation of Msh2-Msh6 could also reflect a combination of a major, rapidly dissociating component and a smaller fraction of sliding clamps that become trapped on the mispaired substrate and dissociate more slowly. However, this seems unlikely because our previous SPR study showed that most of the Msh2-Msh6 bound to an unblocked TG substrate dissociated rapidly when challenged with ATP and that the levels of ATP-resistant Msh2-Msh6 binding to the TG substrate were equal to the levels of ATP-resistant nonspecific binding to control DNA lacking a mispair (40) .
The msh3 K158E and R195D Mutations Cause Differential Effects on the Binding of the Msh2-Msh3 Complex to Small and Large Insertion/Deletion Mispairs-Previous experiments have
suggested that the interaction of Msh2-Msh3 with small (ϩ1) insertion/deletion mispairs involves additional contacts with the DNA compared with the interaction with larger (ϩ4) insertion/ deletion mispairs (57) . To investigate this model, we tested the effect of two msh3 mutations on binding of Msh2-Msh3 to the ϩ1 and ϩ4 insertion/deletion mispairs: the msh3-K158E mutation, which causes as high an increase in mutation rate in mono-nucleotide and tetra-nucleotide frameshift reporter assays as an msh3⌬ mutation, and the msh3-R195D mutation, which causes ϳ80 and ϳ10% increases in mutation rate in the mono-nucleotide and tetra-nucleotide frameshift reporter assays, respectively, relative to an msh3⌬ mutation (57) . Initially, mispair binding by the mutant complexes was evaluated using DNA substrates without an end block in the absence of added nucleotide (Fig. 7A ). Under these conditions, the Msh2-Msh3-K158E protein showed essentially no binding, and the Msh2-Msh3-R195D protein showed reduced but still significant binding to the ϩ1 insertion/deletion compared with Msh2-Msh3, whereas both mutant proteins showed reduced but still significant binding to the ϩ4 insertion/deletion compared with Msh2-Msh3. Next, we evaluated mispair binding under a range of protein concentrations using DNA substrates with an end block in the presence of ATP followed by the addition of IPTG to determine whether sliding clamps were formed (Fig. 7, B and C) . Under these conditions the Msh2-Msh3-K158E protein showed little or no binding to the ϩ1 insertion/deletion at any protein concentration and showed reduced binding to the ϩ4 insertion/deletion that was ϳ80% of the level seen with Msh2-Msh3. The Msh2-Msh3-K158E protein formed sliding clamps on the ϩ4 insertion/ deletion as the bound protein dissociated rapidly on addition of IPTG. In contrast, the Msh2-Msh3-R195D protein showed markedly reduced but still significant binding to the ϩ1 insertion/deletion and showed only slightly reduced binding to the ϩ4 insertion/ deletion that was ϳ40 and ϳ90% of the levels seen with Msh2-Msh3, respectively. The Msh2-Msh3-R195D protein formed sliding clamps on the ϩ1 and ϩ4 insertion/deletions because the bound protein dissociated rapidly on the addition of IPTG. These results show that the Msh2-Msh3-K158E protein is more generally defective in mispair binding than the Msh2-Msh3-R195D protein and that the Msh2-Msh3-R195D protein has little or no defect in binding ϩ4 insertion/deletions consistent with the results of previous genetic experiments (57) .
Msh2-Msh3 Recruits Mlh1-Pms1 to Substrates That Contain Insertion/Deletion Mispairs and Specific Base-Base Mispairs-
The ATP-and mispair-dependent recruitment of Mlh1-Pms1 by Msh2-Msh6 and Msh2-Msh3 is thought to be a critical step in MMR (1-3, 6, 76 ). Here we used end-blocked substrates to preclude the binding of Mlh1-Pms1 to the DNA ends (38) to evaluate the ability of Msh2-Msh3 to recruit Mlh1-Pms1 on different mispairs in the presence of ATP. Parallel control experiments were performed with Msh2-Msh6 for comparative purposes and to evaluate the recruitment of Mlh1-Pms1 by Msh2-Msh6 using a broader set of mispaired substrates than has been previously studied. In these experiments Msh2-Msh3 or Msh2-Msh6 was first flowed over the DNA substrate to allow mispair binding, and then a mixture of Mlh1-Pms1 and either Msh2-Msh3 or Msh2-Msh6 (to allow for recruitment of Mlh1-Pms1) or Msh2-Msh3 or Msh2-Msh6 alone (as a control) was flowed over the DNA substrate ( Fig. 8) .
We observed time-dependent binding of Mlh1-Pms1 to homoduplex DNA in the presence of Msh2-Msh3 but not in the absence of Msh2-Msh3; this mispair-independent recruitment of Mlh1-Pms1 by Msh2-Msh3 was greater than observed with Msh2-Msh6. In contrast, we observed much greater levels of recruitment of Mlh1-Pms1 by Msh2-Msh3 on the ϩ1, ϩ2, ϩ3, and ϩ4 insertion/deletion-and CC and AA mispair-containing substrates, which are the preferred mispaired substrates for Msh2-Msh3, as well as possibly a low level of recruitment of Mlh1-Pms1 on the GG mispair substrate. The recruitment of Mlh1-Pms1 by Msh2-Msh3 to the TG, TC, TT, GA, and CA substrates did not exceed the level of recruitment to the homoduplex control DNA substrate. Consistent with previous studies (37, 38, 41) , we detected the recruitment of Mlh1-Pms1 by Msh2-Msh6 to the ϩ1 insertion/deletion and TG mispair substrates. We also detected the recruitment of Mlh1-Pms1 by Msh2-Msh6 to the ϩ2 insertion/deletion and CC, AA, GG, TC, TT, GA, and CA mispair substrates with the level of recruitment to the CC, AA, and GA mispairs being somewhat lower than seen with the other mispaired substrates. In contrast, there did not appear to be any significant recruitment of Mlh1-Pms1 by Msh2-Msh6 to the ϩ3 and ϩ4 insertion/deletion mispair substrates above that seen with the homoduplex control DNA substrate. Overall, the mispair substrate dependence for Mlh1-Pms1 recruitment by both Msh2-Msh3 and Msh2-Msh6 corre-lated well with the mispair substrate dependence for the formation of sliding clamps.
DISCUSSION
In the present study we optimized the expression and purification of the S. cerevisiae Msh2-Msh3 complex. Previous biochemical studies used Msh2-Msh3 purified from the wrong Msh3 start codon or used protocols that generated very limited amounts of purified protein (29, 36, 59) . Here, the use of a plasmid-based expression system greatly facilitated the production of mutant proteins, and the availability of larger amounts of highly purified Msh2-Msh3 facilitated analysis using biophysical methods such as SPR. We performed a comparative study of the ability of the Msh2-Msh3 and Msh2-Msh6 complexes to bind to four different insertion/deletion mispairs and eight different base:base mispairs in the same sequence context, form ATP-induced sliding clamps, and recruit Mlh1-Pms1. This analysis showed that the Msh2-Msh3 complex formed functional mispair-bound complexes as evidenced by sliding clamp formation and Mlh1-Pms1 recruitment on the ϩ1, ϩ2, ϩ3, and ϩ4 insertion/deletions and CC, AA, and to a lesser extent on the GG mispairs but did not functionally interact with the other five base:base mispairs. In contrast, the Msh2-Msh6 complex formed functional mispair-bound complexes on the ϩ1 and ϩ2 insertion/deletions and seven of the eight base:base mispairs but did not functionally interact with the ϩ3 or ϩ4 insertion/ deletion mispairs and showed very little functional binding of the CC mispair. Compared with Msh2-Msh6, the Msh2-Msh3 complex exhibited a much faster sliding clamp mode of dissociation, a property that appears to be independent of the mispair binding domain of Msh3. Analysis of two different mutant Msh2-Msh3 complexes containing the Msh3-K158E or R195D amino acid substitutions provided support for the view from genetic and structural studies that binding of smaller mispairs requires a greater number of protein-DNA contacts than binding of larger mispairs (57, 58) . Together, the results from these experiments provide a base-line characterization of the inter- action between Msh2-Msh3 and the major mispairs thought to be repaired by MMR, an extension of the available mispair interaction data for Msh2-Msh6, and biochemical evidence for the functional differences between Msh2-Msh3 and Msh2-Msh6 predicted from genetic studies.
Previous studies have suggested that the recognition of mispairs by the Msh2-Msh3 and Msh2-Msh6 complexes occurs by related but different mechanisms. This was initially suggested by the fact that the key mispair-contacting residue is different in Msh6 (Phe-337 in S. cerevisiae) and Msh3 (Lys-158 in S. cerevisiae), and the fact that Msh2 domain 1 that contains DNA backbone-contacting residues is only required for MMR by Msh2-Msh3 but not Msh2-Msh6 (29, 53, 57, 77) . It was subsequently proposed that the recognition of smaller insertion/deletion mispairs by Msh2-Msh3 requires mispair binding-induced bending and strand separation of the DNA by the core mispaircontacting residues and stabilization by additional contacts with the Msh3 mispair-binding domain (57, 58) . In contrast, Msh2-Msh3-mediated recognition of DNAs that contain larger insertion/deletion mispairs, which are intrinsically bent and strand-separated, was suggested to only require the core mispair-contacting residues and be less dependent on the stabilization by additional contacts with Msh3 (57, 58) . Consistent with this, the msh3-K158E mutation affecting the core mispaircontacting residue (57) caused strong defects in the binding of Msh2-Msh3 to both ϩ1 and ϩ4 insertion/deletion mispairs and in sliding clamp formation. In contrast, the msh3-R195D mutation that affects one of the stabilization contacts (57) caused no defect in Msh2-Msh3 binding or sliding clamp formation with the ϩ4 insertion/deletion and caused a stronger but still modest defect in Msh2-Msh3 binding with the ϩ1 insertion/deletion. It should be noted that the msh3-R195D mutation, like the other mutations predicted to affect stabilizing contacts, does not cause complete loss of repair of a onebase insertion/deletions in vivo (57) . These results support the model that the stabilization contacts are more important for the recognition of mispaired DNAs that are less intrinsically bent than for recognition of mispairs that are more intrinsically bent but suggest that stabilization of less intrinsically bent mispaired DNAs requires contributions from many DNA contacting residues, and hence, no one such residue is absolutely required (57, 58) . It is not readily apparent how Msh2-Msh3 recognizes some base:base mispairs (CC, AA, GG) but not others, although all of the recognized base:base mispairs appear to have increased flexibility and helix destabilization, as shown by NMR spectroscopy studies (78 -82) . We also observed that Msh2-Msh3 shows extremely rapid ATP-induced sliding-mediated dissociation from mispairs compared with Msh2-Msh6 and demonstrated that this property is conferred by the nucleotide binding domains of Msh2-Msh3; however, additional studies are required to elucidate how ATP binding induces this difference in the kinetics of dissociation.
Analysis of MMR in S. cerevisiae using frameshift reversion and forward mutation assays has led to the hypothesis that the Msh2-Msh6 and Msh2-Msh3 complexes play distinct but partially overlapping roles in MMR. Msh2-Msh6 was initially suggested to be responsible for repair of base:base mispairs as well as functioning in the repair of ϩ1 and to a lesser extent ϩ2 insertion/deletion mispairs with Msh2-Msh3 being equally responsible for the repair of ϩ1 insertion/deletions and playing an increasingly dominant role in the repair of larger insertion/ deletions with insertion/deletions as large as ϩ4 being solely repaired by Msh2-Msh3 (1, 3, 25, 26, 76) . However, recent analysis of mutation spectra for different MMR defective mutants has suggested that Msh2-Msh3 can also repair selected base: base mispairs (29) . The mispair specificity of human and mouse MMR, although being based on less extensive genetic experiments, generally agrees with the S. cerevisiae data on mispair specificity with the exception of conflicting data in regard to whether Msh2-Msh3 can repair ϩ1 insertion/deletions (24, 30 -33) . The data presented here clearly show that Msh2-Msh3 can bind and form sliding clamps on and recruit Mlh1-Pms1 to ϩ1, ϩ2, ϩ3, and ϩ4 insertion/deletion substrates as well as at a lower level to the CC, AA, and GG base:base mispair substrates that were previously implicated as potential substrates for Msh2-Msh3 in vivo. The analysis presented also showed that Msh2-Msh6 can bind, form sliding clamps on, and recruit Mlh1-Pms1 to seven of the eight base:base mispairs and a ϩ1 insertion/deletion; this analysis only detected a weak interaction with the ϩ2 insertion/deletion, no functional interaction with the ϩ3 and ϩ4 insertion/deletions, and little functional interaction with the CC mispair. By incorporating analysis of sliding clamp formation and Mlh1-Pms1 recruitment into our studies of Msh2-Msh3 and Msh2-Msh6, both of which have generally not been performed on an extended series of mispaired substrates, we were able to clearly distinguish simple mispair binding from more functionally significant interactions. Overall, the results presented support the view that Msh2-Msh3 can act in the repair of some base:base mispairs, that Msh2-Msh6 can act in the repair of ϩ1 and ϩ2 insertion/ deletions, and that Msh2-Msh3 is likely exclusively responsible for the repair of insertion/deletion mispairs larger than ϩ2. In addition, the observation that Msh2-Msh3 forms sliding clamps and recruits Mlh1-Pms1 on a CC mispair to a greater extent than Msh2-Msh6 raises the possibility that CC mispairs, which are generally thought to be poorly repaired mispairs (83) (84) (85) , are repaired to a greater extent by Msh2-Msh3-dependent MMR than Msh2-Msh6-dependent MMR.
Interestingly, the specificity of Msh2-Msh3 and Msh2-Msh6 for repair of mispairs in MMR reactions in vitro does not correlate with mispair specificity for in vitro sliding clamp formation and Mlh1-Pms1 recruitment or in vivo MMR but does correlate to a greater extent with mispair binding in the absence of added nucleotide in vitro (32, 34) . There are several possible explanations for this. First, the rate-limiting step for in vitro MMR, which is potentially the mispair-and Msh2-Msh6-dependent stimulation of exonuclease 1 (86), may depend only on mispair binding by Msh2-Msh6 or Msh2-Msh3. Second, in vitro MMR may not require Msh2-Msh6 or Msh2-Msh3 sliding clamp formation or Mlh1-Pms1 recruitment. This is likely true in the case of 5Ј repair that does not require Mlh1-Pms1/Pms2 in vitro and could also be the case for the reconstituted 3Ј repair using human proteins, which requires the Mlh1-Pms2 endonuclease, especially if the recruitment and activation of Mlh1-Pms2 are primarily dependent on proliferating cell nuclear antigen and Replication Factor C (34, 86 -91) . Finally, in vitro MMR may not reflect all of the steps of in vivo MMR such as coupling to replication (1-7, 69, 76, 92) . The differences between MMR in vivo, the biochemical properties of MMR proteins, and in vitro MMR argue for continued efforts to develop MMR reaction conditions in vitro that allow these reactions to better mimic the in vivo pathways.
